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THE VASCULAR ENDOTHELIUM DISPLAYS BOTH morphological and functional responses to luminal blood flow and shear stress along the vessel wall. There is alignment of both the cells and their cytoskeletal structural elements with the flow direction (1, 2) . Several cellular processes, including proliferation (3), synthesis and secretion of vasoactive factors (4, 5) , and gene regulation (6) are also modulated by flow. Various mechanisms are involved in the transduction of flow signals to cellular adaptations. Among these signaling processes, increases in intracellular calcium are considered one of the key second messengers for flow recognition. A substantial debate exists as to whether or not increases in flow across endothelial cells lead to an increase in intracellular calcium ([Ca2+]i) via a direct mechanical effect or through other mechanisms.
Several groups have reported brief or oscillatory increases in [Ca2+]i on flow stimulation in the absence of an agonist (7) (8) (9) . It has been suggested that these may be evoked by activation of a form of endothelial cell mechanoreceptor (10 
Flow chamber
The flow chamber specifically designed for these experiments is shown in Fig. 1 The size of the opening in the Mylar sheet defined the width and length of the flow channel, and the thickness of this sheet determined the height of the channel.
The base, Mylar sheet, and coverplate sections were lined with vacuum grease to prevent leakage and the chamber was secured using screws around the periphery.
The amount of vacuum grease used was minimized to ensure that none extruded into the channel.
An expression for shear stress along the flow channel was determined by using an analytical solution for the axial velocity of flow along a rectangular channel (13) . The expression determined for shear stress along the centerline of the wall of a rectangular channel was:
where 'r is shear stress along the centerline of the channel, Q is the perfusion rate, Lt is the fluid viscosity, a is the width from the centerline to the edge of the channel, b is the depth from the centerline to the base of the channel, and y is the aspect ratio (b/a). This constrained the region of focus to the center of the flow channel so that image data were collected within 1.5 mm of the flow channel centerline. Because flow in a chamber such as this is parabolic with respect to the b centerline, the cells in the center of the flow chamber were exposed to the highest shear, whereas cells viewed at the region farthest from the center were calculated to be exposed to shear stresses of only ± 1.5% less than the shear along the centerline. The values reported in the manuscript represent the calculated shear at the center of the flow chamber.
C Flow circuit
Because confocal microscopy is extremely sensitive to focal plane movement, the flow system was designed to enhance the stability of the thin microscope coverglass within the flow chamber. This was achieved by minimizing the relative pressure changes that occurred with the onset of flow. To this end, the flow circuit was constructed with low resistance tubing upstream of the flow chamber, and high resistance tubing and the flow control valve were both positioned downstream of the chamber. 
Cell culture
Bovine aortic endothelial cells (BAEC) were isolated as previously described (14) and used at passage 4-6. The cells were cultured in medium 199 (M-199) with Earle's salts, L-glutamine, supplemental amino acids and vitamins, dextrose (1 WI), penicillin, and streptomycin. Oreg.)
were diluted 1:40,000 in the cell suspension before seeding. Under the conditions of seeding used in these studies, the cells became confluent on the day after seeding and were studied at 1 day postconfluency.
Dye loading
The flow chamber was constructed by attachment of the base with the Mylar channel to the coverplate with its monolayer of cells along the microscope coverglass.
A three-way tap was inserted into one end of the flow chamber to facilitate rinsing and dye loading of the sample and to eliminate the introduction of bubbles into the chamber channel. All rinse and dye solutions were injected gently at 0.6 mI/mm to ensure that the cells were not exposed to high shear stress levels at this stage. The cells were rinsed by injection of 1 ml of flow medium (see below). One
Vol. At the beginning of each study, a region of the monolayer was selected for imaging during the initiation of flow and a "before flow" image was collected.
The average (x ± SE) number of cells in each image was 30 ± 1 (n 20). A time series of up to 25 scans at 3 s intervals was collected, with initiation of flow to the required shear stress of from 2.5 to 15 dynes/cm2 at the end of the fifth scan. At the termination of this time series, while flow continued, additional images were collected. To avoid excessive bleaching, the subsequent images were obtained from other randomly selected regions at 30 s to 1 mm intervals for the ensuing 5 to 15 mm. An estimate of the amount of bleaching that had occurred during the sequence at the onset of flow was obtained by comparing the intensity of the final image in the flow sequence to the initial image in these randomly collected images of cells not previously exposed to the laser. This value averaged 9.8 ± 2.8%.
The series of images collected at the onset of flow was analyzed by assessing the fluorescence intensity of the cells for the course of the image sequence using the computer program Spyglass Transform (Savoy, Ill.). For this analysis, an averaging filter was applied to the "before flow" image in order to smooth the outlines of the cells in this image. Thresholding of this image at an intensity of 10 (maximum intensity 255 pixel units) created a binary image for differentiation of the cells from the background region. In preliminary experiments, it was determined that the within-cell pixel intensity was seldom <10, whereas the background was invariably below 10 units pixel intensity. The average pixel intensity of the cell region selected by the binary image was then determined for the ensuing time sequence, providing quantification of the average pixel intensity of all the cells within the image over the time of the sequence. Average monolayer intensities were normalized to the average pixel intensity of the monolayer immediately before the onset of flow, the fifth image in the sequence, for the duration of the time sequence. To examine images obtained from randomly selected regions after the end of the time sequence, the average pixel intensity for all regions of the image of 10/255 pixel units in intensity was determined.
Again, elimi- The cells were then exposed to 10 pit calcium ionophore A23 187 and the resultant fluorescence was quantified using pixel intensity. A color scale, related to the pixel intensity for varying levels of calcium, was then calculated using the formula:
where Kd is the dissociation constant (320 nM for Fluo-3). The resultant color scale is depicted in Fig. 2 and Fig. 4 . (Fig. 2b) . Individual cells displayed sustained increases in fluorescence, giving a mean increase in fluorescence across the monolayer of 370 ± 48% (n = 4) of the baseline fluorescence from 4 to 26 s after the onset of shear (Fig. 3a) . Intracellular calcium gradually decreased after this peak, although it remained above the baseline level for 10 to 15 mm after the onset of shear. In some experiments, flow was stopped after 2 mm and then restarted after 10 mm in 4 to 5 repeated cycles. In the presence of ATP, these repeated In medium without ATP, the effect of shear on [Ca2} was distinctly different from that observed in the presence of ATP. The onset of shear resulted in brief increases in [Ca2+}i within various cells across the monolayer (Fig. 2d) . Most of these transient increases occurred between 5 and 30 s after onset of flow and they were observed in 24 ± 5% (n = 4) of the cells for the 2.5 dyn/cm2 shear stress level. Repeated initiation of flow rarely yielded a subsequent response. Because the proportion of responding cells was low, the mean increase in fluorescence of the monolayer was only 22 ±9% (n = 4) of the normalized average baseline fluorescence (Fig. 3b) . teristically, individual cells would exhibit single signals lasting 6 to 12 s. After this, the cells would become quiescent and other cells in the monolayer would exhibit a signal. The duration of this flickering behavior was maintained for up to 45 s (Fig. 5) With increasing levels of shear stress (from 2.5 to 15 dynlcm2), there was a corresponding increase in monolayer fluorescence (Fig. 4, Fig. 5 and Fig.  6a ). The number of cells responding at the initiation of 
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shear also depended on the shear rate. At 2.5 dynlcm2, about 22% of the cells exhibited a response during this inital period, whereas at 15 dyn/cm2, virtually all cells responded (Fig. 4 and Fig. 6b ). In addition, because laser scanning provides intense excitation of the indicator dye, the sensitivity is markedly increased and the amount of dye loaded can be reduced. Previous studies of calcium responses to flow have been conducted on UV microscope systems, which require higher dye levels for signal detection than confocal systems. This may increase buffering of [Ca2+]i that can occur when higher concentrations of indicators are used (19) . The concentration of Fluo-3 and the duration of dye loading used in the current study were minimized in order to reduce buffering of the [Ca2+]i and enhance detection of a signal. A consistent finding in these studies was that upon initiation of flow, the increase in fluorescence was greater in the nucleus than in the cytoplasm. Because of the confocal nature of our system, the images obtained represented sections through the nucleus and cytoplasm, and these values of fluorescence truly reflect nuclear signals rather than dye overlying the nucleus. This increased nuclear signal could be artifactually induced by an increase in the concentration or fluorescence of Fluo-3 in the nucleus rather than by a selective increase in calcium within this region. Cal#{232}ium transients within the nucleus of neuronal cells have been found to rise to higher levels than in the cytoplasm by UV confocal microscopy using the ratioable dye Indo-1 (20) . Studies using ratioable indicators are required to precisely determine the effect of shear or other interventions on endothelial cell nuclear calcium. Shear stress is important in the modulation of transcription of several genes through as yet undefined signaling pathways (6, 21) . It is therefore interesting to speculate that shear may have an independent effect on nuclear calcium.
These studies provide some insight regarding the relative importance of purely mechanically stimulated flow responses, compared with those generated in the presence of an agonist. In vitro studies have focused on the effect of the presence of ATP because it is present in cell culture medium and it is dynamically degraded by endothelial cell ectonucleotidases.
In vivo, the mechanical effect of flow may always be moderated by the presence of circulating agonists, including catecholamines and cyclic nucleotides. 
